Summary
The rheological characteristics are the main criteria when selecting the processing parameters and monitoring the quality of polymer materials. To characterise their rheological properties, the melt flow index (MFI) has generally been widely used in industry. The MFI is defined as the mass or volume of polymer flowing in 10 min through a capillary under a certain load.
To characterise the main condensation polymers, such as polyethylene terephthalate, polyamide, and polycarbonate, it has been the custom to use indirect viscosity indices of solutions such as their specific and intrinsic viscosity. As shown by the latest experience, the given indices can be used successfully to characterise virgin polymers of the same type, but their use for recycled polymers and for copolymers leads to inconsistent results. Furthermore, all condensation polymers are sensitive to the drying conditions, which, combined with the processing parameters, determine the resulting melt viscosity index, which determines the quality of the end products. From this viewpoint, the use, for analysis, of the MFI and determination of the rheological properties in a wide range of conditions (the flow curves) is an expedient monitoring method under conditions most approximate to production conditions. Condensation polymers are extremely sensitive to moisture and temperature, and here not only melting of the moist polymer but also prolonged heating at temperatures below the melting temperature in the presence of excess moisture lead to its degradation. Furthermore, an excessive drying time leads to a change in the rheological properties and colour of the polymer. Therefore, to carry out precise and reproducible analysis, a thorough procedure is needed for drying the polymer before testing, and also clear observance of the time intervals of charging and holding under pressure. Table 1 gives results concerning the effect of the drying conditions under different conditions on the value of the MFI of PET 8200.
To monitor the drying conditions of the trial specimens, and to check directly the level of residual moisture, the reference specimen method was used. This consisted in selecting a reference polymer specimen with a precisely known (repeatedly determined) flow index value. The reference specimen was dried under identical conditions to other experimental specimens, and testing was conducted under identical conditions; where its MFI values matched the known value in the range ±3.0%, the obtained experimental data were considered to be reliable.
The aim of the investigation was to determine the rheological properties of condensation polymers with the aid of the IIRT-M extrusion plastometer widely used in Russian industry, which was improved by installing a gauge for measuring the linear movement of the plunger and a gauge for measuring the force on the capillary, which made it possible to measure the data necessary for plotting flow curves and monitoring the conditions of MFI measurement. To measure the speed of plunger movement, use was made of a linear resistance movement gauge, which was installed instead of the weight lifting mechanism. The capillary of the instrument was linked to a tensometric converter by a support hose, which made it possible to measure the load on the capillary in the process of measurement (Figure 1) .
The improved unit consists of a 9.5 mm diameter extrusion chamber with heating (1). In the lower part of the chamber there is a capillary which is secured on a force gauge. Temperature control in the chamber is carried out with an accuracy of ±0.5°C by a proportional controller.
In carrying out the investigations, the change, with time, in the movement of the plunger from its lower to its upper mark is recorded using a gauge for measuring the movement and the load on the capillary. To record the definite path of plunger movement, finite measures of the corresponding length were used. The readings of the gauges were recorded on a computer using an electronic converter for subsequent analysis.
After processing of the obtained data, the dependences of the volume flow rate and the pressure on the capillary on the time of polymer melt discharge are plotted (Figure 2) .
Analysis of the obtained dependences makes it possible to assess the quality of measurement from the nature of curve 2 (Figure 2) . The presence of bubbles in the polymer melt is depicted by sharp inflections on curve 2. Stabilisation of the flow rate occurs 20-30 s after the start of flow of the melt under load (Figure 2 , curve 1).
Analysis of the obtained graphical data makes it possible to determine the zone of melt flow stabilisation along the movement of the plunger, which makes it possible to calculate precisely both the MFI value and the shear rate. Furthermore, in the process of measurement, it is possible to add weights to the plunger, which makes it possible to carry out measurements under different conditions with one charge of the instrument. 
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For most condensation polymers, especially for recycled polymers, the MFI value reaches 20-30 g/10 min, and occasionally over 50 g/10 min, measurement of the volume flow rate using the movement gauge makes it possible to increase considerably the accuracy of measurement, and the variation in the index lies in the 1% range. The use of finite measures makes it possible with high accuracy to determine the melt density, eliminating errors associated with the breaking of specimens during plunger movement.
Determination of the rheological characteristics is based on the procedure for measuring the MFI according to ISO 1133:2005. The movement gauge records the change in position of the plunger rod at 1 s intervals during flow of the polymer under prescribed load through a capillary of 2.095 mm diameter. The obtained values of change in the rod position in time are recorded in the form of a table of data and are processed using the Microsoft Excel program. As a result, the value of the volume flow rate of the polymer and the melt density under the prescribed conditions are obtained. To determine the melt viscosity, use is made of the well-known equation:
where τ is the shear stress [Equation (2)] (Pa) and γ is the velocity gradient [Equation (3)] (s
−1
).
where DP is the pressure gradient in the capillary (Pa), R is the radius of the capillary (m), and L is the length of the capillary (m).
where Q is the volume flow rate of the polymer melt (m 3 /s).
As polymer melts flow like non-Newtonian liquids, i.e. their viscosity depends on the velocity gradient, it follows that, to obtain true flow curves, the shear stress is corrected for the entrance effect (Bagley correction), and the velocity gradient is corrected for the degree of non-Newtonian behaviour (Rabinowitsch correction). Thus, Equations (2) and (3) will have the form:
where e is the entrance correction.
where n′ is the degree of non-Newtonian behaviour of the polymer melt, always <1:
To determine the entrance correction, a graph of the dependence of the volume flow rate Q on the pressure gradient DP for two capillaries with different L/d ratios (17.1 and 22.9) is plotted. At the maximum value of the volume flow rate for the capillary of greater length, the value of the pressure gradient for both capillaries is found, and a graph of the dependence of the found values of the pressure gradient on the L/d ratio is plotted. From the equation describing the obtained line, the value of L/d at DP = 0 is determined. The absolute magnitude of the obtained number will also be the entrance correction e.
The degree of non-Newtonian behaviour of the polymer melt is determined by plotting the dependence of ln shear stress on ln velocity gradient. The obtained linear dependence is described by an equation of the form: y = kx + b or ln τ = k ln γ ( ) + b (7) where k is the degree of non-Newtonian behaviour (n′).
Once the values of the shear stress and velocity gradient have been corrected, the viscosity of the polymer melt is determined and the true flow curves are plotted (Figures 3 and 4) . : 1, 4 -280°C; 2, 5 -290°C; 3, 6 -300°C 
